PKH26
. The present results demonstrate that many E13.5 ventral telencephalic progenitors are capable of integrating and acquiring phenotypes of adjacent telencephalic structures as well as of the mid-hindbrain region, whereas E13.5 mid-hindbrain cells transplanted isochronically into either the MGE or the LGE fail to integrate and do not adopt forebrain gene expression. In contrast, mid-hindbrain progenitors from an earlier stage (E10.5) implanted into the E13.5 telencephalon are observed to disperse and adopt local telencephalic phenotypes, suggesting that between E10.5 and E13.5 these cells become restricted in their developmental potential.
Results

Ventral Telencephalic Progenitors Can Be Respecified by Adjacent Telencephalic Environments
Previous studies (Fishell, 1995; Brü stle et al., 1995; have shown that at least a portion of ventral telencephalic progenitors (derived from either the MGE or LGE) are capable of integrating and adopting local phenotypes in heterotopic regions of the telencephalon, following intraventricular embryonic injections. These studies do not address whether the majority of the injected cells can respecify in response to the ectopic environment or if a small subpopulation of progenitors selectively integrates and respecifies. To test this, we have used ultrasound-guided injections to perform heterotopic transplantation into adjacent telencephalic regions, since the intraventricular injection technique does not allow for specific placement of the cells in the embryonic brain.
As a baseline for studying the heterotopic telencephalic grafts, we have performed homotopic transplantation of E13. 5 LGE and MGE cells. Using a coronal or horizontal ultrasound image, E13. 5 LGE cells from ROSA26 mice (Friedrich and Soriano, 1991) were injected homotopically into the germinal zones of the E13. 5 LGE (n ϭ 5), with the cortex demarcating the lateral boundary and the fissure between the LGE and MGE the medial boundary ( Figure 1A ). X-Gal-reacted site was most often detectable as a subtle scar in the In (A), the tip (arrow) of the microcapillary is located in the LGE, in (D) it is positioned in the MGE, and in (G) the microcapillary is parenchyma and/or as an aggregate of grafted cells. situated in the cerebellar anlage.
The transplanted LGE cells were confined to the striatum (B, E, and H) Schematic representation showing the distribution of in all animals, with a few cells also observed in the the homotopically injected E13.5 LGE (B), MGE (E), and mid-hindcortex; however, these cells were only found along the brain (H) cells (blue dots), 4 days after injection (i.e., E17.5).
presumed injection tract (two out of five animals). The (C, F, and I) High power photomicrographs from the boxed areas migration pattern of homotopically transplanted LGE in (B), (E), and (H), respectively, displaying transplanted cells from ROSA26 mice detected by ␤-galactosidase activity. Most transcells support previous findings that the LGE represents planted ROSA26 cells exhibited granular staining, and only a few the major source of striatal neurons (Deacon et al., 1994;  showed extensive cytoplasmic staining. Homotopically injected LGE Olsson et al., 1995) .
cells ([B] and [C] ) were dispersed throughout but remained largely within the developing striatum (Stm), whereas homotopically grafted MGE cells were observed to integrate into the globus pallidus (GP) and striatum ( LGE cells were also observed in the basal forebrain, and a few examples in the thalamus, in a similar pattern as homotopically injected MGE cells. (G) LGE were also seen to express TTF-1 (arrows; ‫%34ف‬ of number of cells seen in homotopic MGE transplants) 4 days after injection into the MGE. The white dotted line in (E) indicates the ventricular border; lv, lateral ventricle. Scale bar in ( Progenitors derived from the MGE of E13.5 ROSA26 later, when our analysis was performed (i.e., E17.5), endogenous TTF-1 expression was detected predominantly mice (n ϭ 5) or from Engrailed-1 lacZ knock-in (En-1 lki ) mice that express lacZ from En-1 regulatory elements in postmitotic cells in the developing globus pallidus but also in cells scattered throughout the developing (Hanks et al., 1995; Matise and Joyner, 1997 ; n ϭ 4) were injected into the germinal zones of the MGE, using striatum, septum, and basal forebrain ( Figure 2B ). Interestingly, the distribution pattern of homotopically inthe fissure between the LGE and MGE as a lateral boundary and the third ventricle as a medial boundary (Figure jected MGE cells was similar to the endogenous pattern of TTF-1 expression. Indeed, following homotopic injec-1D). In all animals, the majority of the transplanted MGE cells at E17.5 were identified in the developing globus tions into the MGE, ‫%41ف‬ Ϯ 1% (mean Ϯ SEM; n ϭ 3) of the cells expressed detectable levels of TTF-1 (4 days pallidus as dispersed clusters of cells or single cells (Figures 1E and 1F) . It should be noted that in animals after injections; Figure 2C ; Table 1 ). While this represents a lower proportion of TTF-1-expressing cells than containing the highest number of injected MGE cells, scattered cells were also observed in the striatum (Fig- that seen in the cell suspension ‫)%05ف(‬ before grafting, it is unlikely that all of these cells continue to express ures 2E and 2F), septum, basal forebrain, and thalamus (see Figure 1E) . We have used an antibody to Thyroid this marker as they become postmitotic. In fact, the proportion of TTF-1 expressing cells in the E17.5 ventral Transcription Factor-1 (TTF-1, the protein product of the TTF-1 gene, also known as Nkx2.1 and T/Ebp; Lazzaro telencephalon (which contains more post mitotic cells than the E13.5 brain; Figure 2B ) was notably lower than et al., 1991) as a marker of MGE cells. At E13.5, TTF-1 is expressed in many MGE cells and clearly marks the in the E13.5 ventral telencephalon (Figure 2A ), which contains predominantly progenitors. Injected MGE cells border between MGE and LGE ( Figure 2A ). Four days expressing TTF-1 were found predominantly in the globus pallidus; however, examples of cells were also seen in the septum, basal forebrain, and striatum (data not shown). The expression of TTF-1 in transplanted striatal cells, however, appears to be a characteristic of homotopically grafted MGE cells, since in no case were homotopically injected LGE cells found in the striatum doublestained with TTF-1 (n ϭ 5).
E13.5 MGE cells were injected into the LGE (n ϭ 5) of isochronic hosts in order to determine their potential to integrate and adopt local phenotypes in this adjacent telencephalic region. MGE cells heterotopically injected into the LGE were dispersed predominantly in the developing striatum, as were the homotopically injected LGE cells, although a few cells were observed in the globus pallidus region (data not shown). Comparisons were made between heterotopic and homotopic levels of TTF-1 expression, normalizing the mean percent number of heteropically injected (MGE to LGE) cells expressing TTF-1 to the control level or the mean percent number of homotopically injected (MGE to MGE) cells expressing TTF-1 ( Table 1 ). The transplanted MGE cells in the striatum displayed TTF-1 expression at only ‫%12ف‬ of the control level ( Figure 2D ; Table 1 ).
E13. 5 LGE cells were injected ectopically into the MGE (n ϭ 7) in order to determine what proportion of these cells are capable of undergoing site-specific differentiation in this structure. As was the case for the homotopically injected MGE cells, the LGE progenitors injected into the MGE were predominantly observed in the globus pallidus region ( Figure 2E ), with subpopulations of the grafted cells migrating in streams toward and into the striatum ( Figure 2F ), septum, basal forebrain, and thalamus. At the time of dissection of the LGE (E13.5) for transplantation, there is no TTF-1 expression in this germinal zone (Figure 2A ). Following injections into the MGE, transplanted LGE cells were found double-stained with TTF-1, which is not the case when they are homotopically grafted into the LGE (Table 1) . These doublelabeled cells were found predominantly in the globus pallidus, but examples were also seen in the striatum and septum ( Figure 2G ). The population of grafted LGE cells expressing TTF-1 after MGE placement was 43% of that seen in homotopic MGE transplants (Table 1) . These results support previous findings on the plasticity of ventral telencephalic precursors (Fishell, 1995; Brü stle et al., 1995; and further show that many cells in the precursor pool can respecify by down-regulation and induction of region-specific markers in response to signals present in heterotopic telencephalic regions.
Ventral Telencephalic Progenitors Can Respecify after Ectopic Transplantation into the Mid-Hindbrain Region
Previous studies have shown that telencephalic precursors can integrate into nontelencephalic regions of the developing brain, including the mid-hindbrain region (Brü stle et al., 1995; . We were thus interested in testing what proportion of these precursors can respecify in a nontelencephalic site, such as the En-1-expressing mid-hindbrain region. In the E13.5 midhindbrain region, En-1 is expressed in the posterior re- 
[43%]
[21%]
[64%]
TTF-1
[25%]
[50%]
[55%]
[60%]
[35%]
* Numbers represent mean percent Ϯ SEM; numbers in square brackets are normalized to homotopic (MGE→MGE for TTF-1; MH→MH for En) mean percent. † Although MGE cells transplanted to the mid-hindbrain parenchyma did not express TTF-1, examples of MGE cells in the adjacent aqueduct did express TTF-1. Abbreviations: ϩ, yes; Ϫ, no; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; MH, mid-hindbrain region.
gions of the midbrain (tectum and tegmentum) and in (A) Mid-sagittal section through the mid-hindbrain region of an E13.5 En-1 lki embryo reacted with X-Gal, demonstrating En-1 expression predominantly in the caudal part of the midbrain, dorsally, and in the medial cerebellar anlage. The dissections were made from the dorsal aspect of the midbrain-hindbrain, including the caudal (arrow) tectum (Tect; i.e., En-1-expressing area) and the cerebellar (Cb) anlage. At this developmental stage En-2 expression in the cerebellar anlage is much broader than En-1 expression (Davis and Joyner, 1988) ; however, the Enhb-1 antiserum used for double labeling detects both the En-1 and En-2 antigens. . This general expression pattern is maintained over the following days; however, by E17.5, En (both En-1 anlage regions resulted in extensive integration of the donor cells ( Figures 4A and 4D ). Ventral telencephalic and En-2) expression becomes restricted to subsets of cells in the midbrain and cerebellum ( Figure 3B ). TTF-1 cells were observed to have migrated from the injection site in a pattern indistinguishable from that seen when expression is never observed in the mid-hindbrain regions during CNS development .
mid-hindbrain progenitors were injected into the posterior midbrain or cerebellum. The MGE-derived cells that In order to determine the potential for respecification of ventral telencephalic precursors placed into the midintegrated into the mid-hindbrain region displayed a complete lack of TTF-1 expression ( Figure 4A ), whereas hindbrain region, we first characterized transplanted mid-hindbrain cells after homotopic placement into the many cells that had leaked into the cerebral aqueduct maintained TTF-1 expression ( Figure 4A , inset). In addiposterior midbrain or cerebellum. E13.5 cells from the En-1 expressing midbrain-hindbrain region, including tion, integrated MGE cells were observed to have initiated expression of the region-specific marker En (Davis the caudal tectum and the cerebellar anlage ( Figure 3A) , of En-1 lki (n ϭ 5) or ROSA26 mice (n ϭ 2) were injected et al., 1991) at ‫%05ف‬ the level of mid-hindbrain progenitors grafted into their region of origin ( Figure 4B ; Table into the developing cerebellum ( Figure 1G) , tectum, or tegmentum using the cerebral aqueduct and the fourth 1). Ectopically integrated LGE cells were observed to express En at ‫%52ف‬ of the control level (Figures 4E and ventricle as landmarks. Since the developing tissue in these regions at E13.5 is very thin, the tip of the micro-4F; Table 1 ). Most of these double-labeled cells were detected in regions with a high proportion of endogecapillary was first inserted into the ventricle and then withdrawn into the tissue to assure injections into the nous En-expressing cells. Some of the MGE cells found in cellular aggregates in the cerebral aqueduct also exbrain parenchyma. Grafted cells were found dispersed in the developing cerebellum ( Figures 1H and 1I) following hibited En expression ( Figure 4C ). Five embryos received MGE cells prelabeled with BrdU 12 hr and 6 hr injections at E13.5 into this structure. Likewise, when the injection site was located within the tectum or tegbefore dissection. In these animals, no BrdU positive cells were identified in the parenchyma, whereas a nummentum, cells were observed to have dispersed in the colliculi or ventral midbrain, respectively. In addition, ber of cells in the ventricles contained BrdU labeling 4 days after injection. This result suggests that cells grafted cells were consistently observed as aggregates in the cerebral aqueduct as well as in the parenchyma dispersed in the parenchyma had continued to proliferate following transplantation and thereby diluted out close to the injection site. When mid-hindbrain cells were transplanted into their region of origin, 20% Ϯ 1% the mitotic marker (data not shown). Thus, at E13.5, a considerable population of progenitors in both the MGE (mean Ϯ SEM; n ϭ 3) of these cells were observed to express En, as detected by double staining with the and LGE can respond to local cues in the developing mid-hindbrain and adopt appropriate phenotypes, alEnhb-1 antibody (recognizing both En-1 and En-2; Davis et al., 1991; Figure 3C ) or by ␤-galactosidase activity in though LGE cells appear to be more restricted in their capacity. the case of En-1 lki donor cells (Table 1 ). (Hanks et al., 1995; Matise and Joyner, 1997) 
E13.5 Mid-Hindbrain Progenitors Do Not Integrate
either Enhb-1 double staining or ␤-galactosidase immunocytochemistry of En-1 lki cells ( Figure 5B ; Table 1 ). No and Fail to Adopt Local Phenotypes after Ectopic Injections into the Forebrain injected cells were observed to express the regional marker TTF-1 following injections into the MGE, despite We have previously observed that progenitors derived from the mid-hindbrain region are relatively inefficient the fact that the aggregates were located in the globus pallidus region where a large proportion of the endogeat incorporating into the telencephalon but are capable of integrating into more caudal regions of the developing nous cells express TTF-1 ( Figure 2B ). The lack of migration or TTF-1 expression was not due to cessation in neuraxis, after injection into the embryonic forebrain ventricle Olsson et al., 1997b) .
proliferation of these progenitors after heterotopic transplantation, since BrdU injections 2-3 days after The lack of extensive incorporation of these cells in the telencephalon, however, does not exclude the possibilgrafting (n ϭ 6) resulted in double-labeled grafted cells (data not shown). In any case, mid-hindbrain cells clearly ity that at least a portion of these cells may respecify if forced into telencephalic regions. The potential of E13.5
do not possess the same degree of plasticity as their ventral telencephalic counterparts at E13.5. mid-hindbrain cells from the En-1-expressing region to express forebrain phenotypes was investigated by injecting ROSA26 cells or PKH26-labeled cells from En-E10.5 Mid-Hindbrain Progenitors Can Integrate and Respecify after Ectopic Injections 1 lki mice into the isochronic LGE (n ϭ 7) or MGE (n ϭ 10). The injected mid-hindbrain cells were typically obinto the Forebrain Increasing evidence suggests that as neural developserved as aggregates of cells in the MGE or LGE, with little or no integration and/or dispersion (Figures 5A and ment proceeds, progenitors become progressively restricted in their developmental potential, in order to gen-5B). This was in stark contrast to the extensive integration of telencephalic progenitors into the mid-hindbrain erate specific neuronal cell types (Anderson, 1989; Levitt et al., 1993; Hatten and Heintz, 1995; Barbe, 1996) . We region. In addition, cells that had leaked into the ventricles were also observed to form aggregates rather than were thus interested in determining whether cells from an earlier stage in mid-hindbrain development could incorporating across the ventricular wall. Cells in these aggregates (located either in the parenchyma or ventrichange their fate when placed in a telencephalic environment. Since E13.5 represents a relatively late stage cle) were observed to express the mid-hindbrain marker En at ‫%55ف‬ (LGE) and ‫%06ف‬ (MGE) of the number seen of neurogenesis in the mid-hindbrain region, we took progenitors from the E10.5 mid-hindbrain and injected in homotopic mid-hindbrain grafts, as demonstrated by them heterochronically into the E13.5 MGE ( Figure 5C ; Discussion n ϭ 12). A subpopulation of the E10.5 mid-hindbrain This is the first study to demonstrate the utility of ultraprogenitors, only ‫%53ف‬ of the number of homotopically sound backscatter microscopy (Turnbull et al., 1995b) injected E13.5 mid-hindbrain progenitors, maintained for targeted injections of dissociated cells into specific En expression predominantly in cells close to the injecregions of the embryonic mouse brain. This approach tion site ( Figure 5E ; Table 1 ). In contrast to the E13. 5 was used to test, more rigorously than was possible cells, many of the injected E10.5 mid-hindbrain cells previously, the degree of specification present in neural were found integrated and dispersed, predominantly in progenitors from a particular developmental stage. With the globus pallidus ( Figure 5C ) and the striatum ( Figure  this technique, a large proportion of E13.5 ventral telen-5C, inset), but some cells were also observed in the cephalic progenitors was seen to integrate and adopt septum and basal forebrain in a pattern similar to that local phenotypes after transplantation into adjacent telseen with MGE progenitors injected homotopically. Interestingly, a number of these integrated cells, 64% of encephalic structures or mid-hindbrain structures of isochronic mouse hosts. This potential to respecify was the number of homotopically injected MGE cells, expressed the MGE marker TTF-1 ( Figure 5D ; Table 1) in not observed for mid-hindbrain cells of the same developmental stage. However, a large subpopulation of midregions with high levels of endogenous expression such as the globus pallidus. This level of induction is similar hindbrain progenitors derived from earlier embryos (E10.5) was able to integrate and express telencephalic to, if not greater than, that seen with heterotopic grafts of LGE cells into the MGE (see above). These results
phenotypes. These results demonstrate that while E13.5 ventral telencephalic progenitors are relatively plastic indicate that at early developmental stages (e.g., E10.5), many mid-hindbrain progenitors are plastic and can be in terms of their migratory and molecular genetic phenotypes, mid-hindbrain progenitors become restricted to redirected toward forebrain phenotypes. mid-hindbrain fates between E10.5 and E13.5. These midgestation embryonic stages has not been demonstrated before in any organism, including frog and chick, studies also provide the ground work for future genetic studies aimed at identifying genes required for the specwhich become opaque and inaccessible to injection of internal structures. This technique allows for targeted ification of neural progenitors in mice by injecting mutant cells into normal hosts or vice versa. In these studies, heterotopic injections of neural progenitors into specific regions of the midgestation embryonic brain, thus chalwe have taken advantage of the En-1 lki mice, which provide a lacZ marker for En-1-expressing cells.
lenging their degree of specification by placing the entire precursor pool into an environment producing signals different from their site of origin and not relying on the Specification of Ventral Telencephalic Progenitors donor cell's innate ability to integrate across the ventricProgenitors from the E13.5 mouse LGE or equivalent ular wall. stage rat embryo, transplanted into the striatum of neoOur observation that many E13.5 ventral telencephalic natal or adult hosts, produce grafts containing predomiprogenitors can integrate and acquire molecular genetic nantly striatal projection neurons, whereas grafts of and cellular phenotypes of adjacent telencephalic re-MGE or cerebellar cells do not (Pakzaban et al., 1993;  gions, as well as downregulate markers specific for their Deacon et al., 1994; Olsson et al, 1995 Olsson et al, , 1997a . Transsite of origin, makes it likely that many LGE or MGE cells plants of MGE cells contain neuronal phenotypes typical from the general progenitor pool are capable of respeciof certain striatal interneurons not found in LGE grafts fying at this developmental stage. Most of the heterotopi- (Olsson et al., 1997c) . The differentiation of LGE cells cally grafted ventral telencephalic progenitors integrated into a striatal projection neuron phenotype in the adult and migrated similar to the homotopically injected MGE striatal environment is not dependent on placement, and LGE cells, and almost half the number of the LGEsince LGE cells transplanted in the cortex or ventral derived cells expressed TTF-1 after transplantation to mesencephalon also differentiate into a striatal projecthe MGE, as compared to homotopic MGE grafts. In tion neuron phenotype , indicating addition, most of the MGE cells injected into the LGE that these cells are specified at E13.5. As projection down-regulated TTF-1 expression; however, a few MGEneurons are by far the most numerous neuronal cell type derived cells did continue to express TTF-1. These data in the striatum (reviewed by Smith and Bolam, 1990) , suggest that some progenitors in the E13. 5 LGE and these results suggest that the LGE represents the major MGE are irreversibly committed to a regional phenotype; source of striatal progenitors. In the above mentioned however, a considerable number remain plastic at this experiments, however, the LGE cells were implanted developmental stage. into brain regions in which neurogenesis had ceased Recent studies have shown that Sonic hedgehog and thus were not subject to the normal putative envi-(SHH) is capable of inducing the expression of TTF-1 ronmental signals that direct neural progenitor differen-(referred to as Nkx2.1 in these studies) in forebrain retiation in the embryonic brain. Indeed, when LGE cells gions (Ericson et al., 1995; Nakagawa et al., 1996) , and are injected into the midgestation (E13.5 mouse or it is possible that SHH also functions to maintain TTF-1 equivalent stage rat) lateral ventricle they incorporate expression at later stages. Since Shh is expressed in both homotopically into the striatum and, to a lesser the MGE but not in the LGE (Shimamura et al., 1995 ; extent, heterotopically into distinct nuclei throughout Platt et al., 1997) , MGE cells placed in the LGE may lose the developing brain, and in many telencephalic regions TTF-1 expression due to the fact that the surrounding they undergo site-specific differentiation (Fishell, 1995;  cells do not express SHH. Conversely, some LGE cells Brü stle et al., 1995; placed into the MGE may be receptive to the SHH signal 1997b). The interpretation of these studies is compliand induce TTF-1 expression. Interestingly, mice carcated by the fact that the extent of heterotopic incorporying a mutation in the TTF-1 gene (referred to as T/Ebp ration is influenced by trypsinization, without which only in this study) have recently been made, and among other a small portion of the transplanted cells incorporate brain defects these animals lack medially situated telenheterotopically and undergo site-specific differentiation.
cephalic structures such as the pallidum and the medial Thus, it is unclear whether these cells are regionally septum (Kimura et al., 1996) . This finding is interesting specified, and subsequently respecify in the ectopic in relation to our previous study , site, or if they represent a small population of unspeciin which some E13.5-E14 LGE cells heterotopically situfied progenitors that are selectively over-represented ated in the septum were observed to develop into medial by virtue of their extensive developmental potential.
septal phenotypes following intraventricular embryonic The intraventricular transplantation technique in eminjections. The present findings therefore provide a link bryos is not ideally suited to address this issue, since to this previous result by demonstrating that some of its purpose is to allow cells access to the entire length the E13. 5 LGE cells implanted into the MGE migrate of the neuraxis, via the ventricular system. Moreover, similarly to homotopic MGE transplants and initiate not all progenitor populations possess the capacity to TTF-1 expression. incorporate across the ventricular wall throughout the In our studies, homotopically injected MGE cells were neuraxis. Indeed, mid-hindbrain progenitors are rather detected in high numbers in the globus pallidus, and inefficient at incorporating into the telencephalon (Campscattered cells were detected in the septum, striatum, bell et al., 1995; Olsson et al., 1997b) . High resolution and basal forebrain. Interestingly, this migratory pattern ultrasound-guided injection offers a unique way to test correlates well with the distribution of cells expressing the developmental potential of neural progenitors in ecthe MGE marker, TTF-1, in the E17.5 brain. By proximity, MGE cells have been suggested to contribute cells to topic sites. Image-guided targeted brain injections into both the developing striatum and globus pallidus (Smart The E13.5 mid-hindbrain cells were unable to integrate and remained in large clusters similar to those seen in and Sturrock, 1979); however, a precise fate map for this structure is not available at present. Our homotopic grafts to the neonatal or adult brain (Olsson et al., , 1997a . Furthermore, none of these cells were observed transplantation studies presented here support this previous suggestion that progenitors from the MGE contribto initiate TTF-1 expression after transplantation into the MGE, in spite of the presence of SHH. However, it ute cells to the globus pallidus and striatum as well as to the septum and basal forebrain. In fact, the MGE may is not clear whether these cells fully maintained their specification, since the forebrain environment appeared represent a major source of striatal cholinergic interneurons, since grafts of MGE cells contain cholinergic to be less efficient at maintaining En expression (55%-60% of the homotopic grafts) than the mid-hindbrain neurons while LGE transplants do not (Olsson et al., 1997c) . In support of this, we have recently observed region. It is worth mentioning, however, that the E13.5 mid-hindbrain region contains a considerable number TTF-1 expression in striatal cholinergic interneurons (Olsson et al., unpublished data) .
of postmitotic cells (Bayer and Altman, 1995) in addition to proliferating progenitors, especially in the inferior colWhile the ability of E13.5 ventral telencephalic progenitors to respecify after heterotopic transplantation into liculus and cerebellum (Pierce, 1973) , and these postmitotic cells may influence the differentiation of the proeither the isochronic MGE or LGE is impressive, their ability to efficiently integrate into the mid-hindbrain region and genitors in the population. Early commitment of the mid-hindbrain region has been induce En expression (a mid-hindbrain phenotype) following injections into the mid-hindbrain region potendemonstrated in numerous heterotopic chick transplantation experiments, in which solid grafts of midtially reveals a more extensive respecification. This is despite the fact that MGE and LGE cells express a numhindbrain tissue (derived from stage 10 chick embryos, which corresponds roughly to E9 in the mouse) imber of the same developmental control genes (e.g., Bf-1 and Dlx family members; Shimamura et al., 1995) but planted into different forebrain regions maintain their fate and can further redirect some forebrain cells to do not express many genes found in the mid-hindbrain region. This respecification was observed in progenitors adopt mid-hindbrain phenotypes (reviewed by Alvarado-Mallart, 1993 ). The present results, however, demfrom both the E13. 5 LGE and MGE, which were as much as half as efficient as homotopically injected mid-hindbrain onstrate that this commitment is not complete at a single cell level (i.e., in dissociated grafts) at E10.5 in the progenitors at expressing En (Table 1) . In addition to initiating En expression, all MGE cells were observed to downmouse, since many mid-hindbrain progenitors from this stage were capable of migrating and initiating TTF-1 regulate TTF-1 expression in the dorsal mid-hindbrain parenchyma. These results extend a recent study by expression when transplanted into the E13.5 MGE. The migration pattern observed with E10.5 mid-hindbrain Brü stle et al. (1995) , where it was shown that some MGE cells injected into the lateral ventricle could incorporate progenitors grafted to the E13.5 MGE was similar to that of the homotopically injected MGE cells, showing that into the inferior colliculus and acquire a differentiated morphology typical of inferior collicular neurons, by these early progenitors can also respond to local cues regulating cell migration. A number of the E10.5 transshowing that many E13.5 MGE cells have this potential. Since En-1 has been shown to be required for the normal planted cells also maintained En expression and did not migrate out after placement in the MGE. Thus, already development of the inferior colliculus (as this structure fails to develop in mice deficient for this gene; Wurst et at E10.5, a portion of the mid-hindbrain cells lacks the ability to adopt a forebrain phenotype after placement al., 1994), the present results provide a possible molecular link to the study of Brü stle et al. (1995) and suggest in the telencephalon, as is the case for the E13.5 midhindbrain cells. that respecification of ventral telencephalic progenitors into mid-hindbrain phenotypes requires the induction of These results suggest that between E10.5 and E13.5 in the mouse, mid-hindbrain cells become restricted in En. This induction of En is likely mediated by diffusable factors present in the mid-hindbrain region, such as their developmental potential, such that they are unable to integrate and adopt local phenotypes following het-FGF-8, a molecule known to induce mid-hindbrain phenotypes in certain forebrain regions (Crossley et al., erotopic placement. This fits well with the view that the generation of neuronal diversity in the nervous system 1996; Lee et al., 1997) .
results from the progressive specification of neural progenitors, leading ultimately toward their commitment to Specification of Mid-Hindbrain Progenitors a specific neural fate (Anderson, 1989; Levitt et al., 1993 ; We have previously demonstrated that mouse mid-hind- Hatten and Heintz, 1995; Barbe, 1996) . In contrast, the brain cells from either the ventral mesencephalon (E12) E13.5 ventral telencephalic cells were rather plastic in or the cerebellar primordium (E13.5) integrate in a retheir ability to respecify, indicating that they possessed gionally restricted pattern following intraventricular ema similar level of specification as the E10.5 mid-hindbrain bryonic injections into the E15 rat (corresponding to progenitors. At later developmental stages, ventral telthe E13.5 mouse; encephalic progenitors likely also become more restricted 1997b). These cells are not efficient at incorporating into in their developmental potential. Indeed, a recent study telencephalic regions but do integrate into the diencephby Frantz and McConnell (1996) using ferrets has shown alon and mid-hindbrain. This is despite the fact that they that unlike early cortical progenitors, those taken from are injected into the forebrain ventricle. Using ultralater stages in neurogenesis are restricted to fates typisound-guided injections, we have forced such mid-hindcal of late-born cortical cells, even if transplanted back into earlier environments. The mechanisms involved in brain cells into the ventral telencephalic environment. (A) The anesthetized mouse lies in the lower level of a two-level stage with a modified petri dish pinned over her abdomen. After laparotomy, part of the uterus (u) is pulled through a slit in a thin rubber membrane (r) stretched across a hole in the bottom of a fluid-filled petri dish, exposing the uterus to the UBM imaging transducer (t), which scans over the uterus to image the E13.5 embryo inside. Using the real-time UBM images for guidance, the injection microcapillary (arrow) is inserted through the uterus and into the predetermined target region of the embryonic brain. esis. The ultrasound-guided injection method provides an approach for directly testing the requirement of spe-
Ultrasound Backscatter Microscopy Injection System
Ultrasound backscatter microscopy (UBM) is a high frequency (40-cific genes in various developmental decisions by utiliz-100 MHz) ultrasound imaging method resulting in high spatial resoluing existing mutant mice. tion (90 m at 40 MHz) over a limited penetration depth (7-10 mm at 40 MHz; Turnbull et al, 1995a Turnbull et al, , 1995b . In this study, 8 mm ϫ 8 mm Experimental Procedures (512 ϫ 512 pixels) UBM images were produced by a mechanically scanned, focused 40 MHz transducer at image frame rates of four Isolation of Neural Progenitors or eight images per second. Images were captured either in direct Embryonic donor cells were obtained from E13.5 or E10.5 mouse digital format into an IBM-compatible PC computer or onto a VCR embryos (the day of plug detection was designated E0.5) generated from the video output of the scanner. A commercial UBM system by mating wild-type CD1 mice (Charles River, NY) with homozygous (Ultrasound Biomicroscope Model 840; Humphrey Instruments, San TgR ROSA26 (ROSA26) transgenic mice (Jackson Laboratory, ME; Leandro, CA) has also been used to guide injections into mouse Friedrich and Soriano, 1991) or by mating heterozygous En-1 lki mice embryos. This scanner also operates at 40 MHz, producing 5 mm ϫ with lacZ inserted into the En-1 locus (Hanks et al., 1995; Matise 5 mm images at a frame rate of eight images per second, with image and Joyner, 1997) and selecting heterozygous embryos by X-Gal quality comparable to the prototype UBM described above. histochemistry. En-1 lki homozygous mutant embryos, identified by To facilitate in utero injections, the mechanical probe of the UBM a deletion in the mid-hindbrain region, were not used. The ROSA26 was mounted on a motorized three-axis positioning stage, and fine strain contains a gene trap construct, with the lacZ gene in an XYZ positioning of the UBM image plane was maintained during unknown locus, and expresses lacZ ubiquitously in developing tisthe injection procedure using a joystick controller (Newport-Klinger, sue (Friedrich and Soriano, 1991) . Cells derived from either strain Irvine, CA). Injections were performed as described below, using of mouse displayed similar distribution patterns and showed no a three-axis micromanipulator (Narishige, Tokyo) to position the difference in their differentiation capacity. Nine pregnant mice were injection needle. Injection needles were made from glass micropiinjected with BrdU (25 mg/kg; Sigma) 12 hr and 6 hr before dissecpettes pulled to produce a long taper and broken under a dissection tion. The germinal zones of the lateral (LGE) and the medial ganglimicroscope at an inner diameter of 30-50 m. The glass microcapilonic eminence (MGE) were dissected from the E13.5 embryos as laries were sharpened to produce a bevel angle between 25Њ and described previously , and the dorsal mid-hind-
35Њ. An oil-filled manual microsyringe pump (Stoelting, Wood Dale, brain region, including the caudal part of the tectum and the entire IL) with a 25 l Hamilton syringe was used to draw cell suspensions cerebellar anlage (corresponding to the En expressing domain; Fig- into the injection microcapillary and to inject a precise volume of ure 3A), was dissected at E10.5 and E13.5. The dissected tissue cell suspension into each embryo. pieces were dissociated mechanically in Dulbecco's modified Eagle's medium (DMEM) with 0.05% DNase generating single cell suspensions. Cell suspensions from the En-1 lki embryos were laUltrasound-Guided In Utero Transplantation Timed pregnant CD1 mice (Charles River, NY) with embryos at a beled with the membrane-bound lipophilic dye PKH26 (Sigma; 2-4 l/ml of the PKH26 dye in dilutent C for 3-5 min). The labeling gestational age of E13.5 were anesthetized with equithesin (0.2 ml/ 35 g body weight). The abdomen was wet shaved and a 2 cm midline reaction was stopped by washing the cell suspensions twice in DMEM containing 10% fetal bovine serum, and the cells were resuslaparotomy was performed. Each uterine horn was carefully taken out individually and one side was chosen for injection. The uterine pended in serum-free DMEM (containing 0.05% DNase), generating a cell suspension of ‫000,001ف‬ cells/l, which was kept on ice during horns were repositioned in the abdomen with the embryo closest to the ovary of the side to be injected left outside the abdomen. et al., 1991), and ␤-galactosidase (1:500; 5Ј-3Ј, Incorporated) or monoclonal antibodies detecting BrdU (1:250 dilution; Sigma). BioThe pregnant mouse was then placed in the lower level of a two-level wooden stage ( Figure 6A ). Petri dishes were modified by punching a tinylated goat anti-rabbit or mouse antibodies were used as secondary antibodies for DAB double labeling, while FITC-conjugated goat 25 mm diameter hole in the bottom of each dish and covering the hole with a thin rubber membrane. The petri dish was mounted with anti-rabbit antibodies were used for double labeling of specimens containing PKH26-labeled cells. Sections incubated with biotinyltwo pins to the top level of the wooden stage, over the mouse's abdomen, and the part of the uterus containing the first embryo ated antibodies were processed using the ABC method (Vector Labs) with DAB as the final chromogen. Transplanted cells double was gently pulled through a slit in the rubber membrane ( Figure 6B ). Fluid coupling between the tissue and transducer was maintained stained with either the TTF-1 or En antibody were counted from two to five sections (due to variability in the number and dispersion of by filling the petri dish over the mouse with sterile PBS containing CaCl2 and MgCl2. Using UBM guidance, embryos were positioned the transplanted cells) from selected animals in all groups. so as to yield a coronal or horizontal ultrasound image. After positive identification of the LGE ( Figure 1A) ; the MGE ( Figure 1D ; forebrain
